Human papillomaviruses (HPVs) infect keratinocytes and induce proliferative lesions. In infected cells, viral gene products alter the activities of cellular proteins, such as Rb and p53, resulting in altered cell cycle response. It is likely that HPV gene products also alter expression of cellular genes. In this study we used microarray analysis to examine the global changes in gene expression induced by high-risk HPV type 31 (HPV31). Among 7,075 known genes and ESTs (expressed sequence tags) tested, we found that 178 were upregulated and 150 were downregulated twofold or more in HPV31 cells compared to normal human keratinocytes. While no specific pattern could be deduced from the list of genes that were upregulated, downregulated genes could be classified to three groups: genes that are involved in the regulation of cell growth, genes that are specifically expressed in keratinocytes, and genes whose expression is increased in response to interferon stimulation. The basal level of expression of several interferon-responsive genes was found to be downregulated in HPV31 cells by both microarray analysis and Northern blot analysis in different HPV31 cell lines. When cells were treated with alpha or gamma interferon, expression of interferon-inducible genes was impaired. At high doses of interferon, the effects were less pronounced. Among the genes repressed by HPV31 was the signal transducer and activator of transcription (Stat-1), which plays a major role in mediating the interferon response. Suppression of Stat-1 expression may contribute to a suppressed response to interferon as well as immune evasion.
Human papillomaviruses (HPVs) are small DNA tumor viruses which infect epithelial tissue and induce hyperproliferative lesions. Infection by high-risk genital HPVs (HPV type 16 [HPV16], HPV18, HPV31, HPV33, and HPV54) is associated with the development of anogenital cancers, while the low-risk HPVs (HPV6 and HPV11) more commonly induce benign genital warts (21, 29, 34, 66) . Papillomavirus infection can be divided into several stages. Primary infection occurs at the basal layer of epidermis; following entry, HPV genomes are replicated in S phase as extrachromosomal elements. Genome copy number is maintained at a constant level in these cells, and a low level of transcripts is expressed from the early promoter. As infected keratinocytes divide, they stratify and differentiate. Concurrent with differentiation, HPV genomes are amplified and the late promoter initiates capsid gene expression (8, 13, 23) . This results in encapsidation of viral DNA and production of infectious viruses.
Since HPVs encode only 8 to 10 proteins, they must rely extensively on cellular factors to regulate viral transcription and replication. The interaction of viral proteins with the host cell factors is therefore essential for the productive life cycle. Several papillomavirus proteins can directly activate transcription, while others act indirectly by altering the activity of cellular factors. Members of the former group include the E2 protein, which can activate transcription of reporters with multimerized upstream E2 binding sites in transient assays (4, 36) . The latter group includes the two oncoproteins, E6 and E7. E6 binds a cellular ubiquitin ligase, which then targets the transactivator p53 for degradation (22, 49, 50, 62) . E7 binds the Rb family of proteins, resulting in altered regulation of E2F-inducible genes which control S-phase entry (5, 9, 35, 41) . It seems likely that during an HPV infection, alterations in cellular gene expression occur.
Many studies investigating the functions of viral proteins have not been done within the context of the entire viral genome and may not reflect what occurs at physiological concentration as in viral infection. In addition, cervical cancer cell lines that harbor integrated HPV genomes have been used in many studies, and these may not accurately reflect virus-cell interactions during the normal course of infection. Recently, a tissue culture model that simulates the latent stage of HPV infection has been developed. Cloned HPV31 and HPV18 genomes have been used to transfect normal human keratinocytes (NHKs), resulting in cell lines that exhibit characteristics of basal keratinocytes infected with HPV (12, 13, 40) . Once induced to differentiate, these cell lines are able to activate late viral functions characteristic of a productive infection (13) . This system has been used extensively for studying virus-cell interactions under physiologically relevant conditions.
In recent years, the development of microarrays, or gene chips, has provided a powerful tool to study complicated biological process which results in altered global gene expression (16, 25, 51, 65) . Fluorescence-labeled cDNAs derived from two samples are hybridized to a microarray which contains thousands of oligonucleotides or cDNAs. Quantitative measurement of binding allows one to determine the changes in the transcriptional profile of many genes simultaneously. In this study, we used this methodology to examine the effect of highrisk HPV31 on cellular gene expression in keratinocytes. Transcriptional profiles in HPV31-positive cells were compared to those of matched NHKs, using microarray analysis. We found that HPV31 causes major reductions in the expression of genes
RESULTS
Microarray analysis of gene expression in normal and HPV31-transfected keratinocytes. To identify genes whose expression is altered by HPV31 during conditions similar to infection of basal cells, we examined a matched set of normal and HPV31-transfected human keratinocytes derived from a common donor. Efficient infection of tissue culture cells by HPV is not feasible, and so we examined transfected keratinocytes that stably maintain viral DNA as episomes (13) . Human foreskin keratinocytes, derived from a single anonymous donor (designated TP), were transfected with recircularized cloned HPV31 along with a neomycin selectable marker. Following G418 selection, resistant colonies were pooled and expanded as combined culture (designated T31) to ensure that any observed effects were not specific to a single clonal cell line. The episomal state of viral DNA in the T31 pooled culture was confirmed by Southern analysis, and the expression of HPV31 early and late genes was found to be similar to that previously described for HPV31-positive cell lines (data not shown) (13, 48) .
To identify genes whose expression was altered by HPV31 gene products, we used microarray analysis of 7,075 sequenceverified ESTs which included about 4,000 known genes (Genome Systems). Poly(A)-selected RNA was isolated from T31 and TP cells, and fluorescent dye-tagged cDNAs (Cy3 and Cy5, respectively) were generated. These fluorescent cDNAs were simultaneously hybridized to probe sequences on the microarray, and the amount of fluorescence seen with the individual dyes was determined by confocal microscopy. The differential expression of each EST was then calculated from the relative intensity of the Cy3-versus-Cy5 fluorescent signal. The plot of the differential expression of the 7,075 genes is shown in Fig. 1 . Overall, most ESTs were not altered in expression by HPV31. Approximately 2.5% (i.e., 178) of ESTs examined were increased in expression between 2-and 3-fold, with no gene activated more than 3.2-fold. In the same analysis, 150 genes were found to be repressed at least twofold by HPV31 gene products. Twenty genes were repressed between 11.9-and 3.2-fold, while 130 genes were repressed 3.2-to 2.0-fold. Genes whose expression was altered more than 2.3-fold are listed in Table 1 . The complete list of genes examined and their level of induction or suppression will be available at the web site http:// bugs.mimnet.nwu.edu/laimins_lab/chang.
The majority of genes whose expression was increased by more than twofold by HPV31 are ESTs of unknown identity (Table 1) . Several known genes such as those encoding ubiquitin carboxyl-terminal esterase, cathepsin H, adenomatosis polyposis coli, and corticotropin-releasing hormone were increased approximately threefold in expression. Overall, no obvious patterns of activation of specific gene families by HPV31 could be identified. Interestingly, no E2F-regulated gene examined was found to be activated more than twofold. For example, cyclin E was found to be altered slightly (1.1-to 1.3-fold) in HPV 31 cells.
Expression of interferon-inducible genes is repressed by HPV31 gene products. In contrast to the upregulated genes, those genes whose expression was repressed by HPV proteins could be grouped into three categories: regulators of cell growth, keratinocyte-specific genes, and factors mediating the interferon response. The p21 gene, whose expression is regulated by p53, was found to be reduced 2.6-fold, consistent with the increased turnover of p53 induced by high-risk E6 (10, 47, 50) . Two other genes, encoding Mad and transgelin, were also downregulated in HPV cells. Mad is a negative regulator of Myc and Max activities (2, 24) , while transgelin is highly expressed in senescent cells (56) . Several genes encoding keratinocyte-specific proteins such as SPRK, human small prolinerich protein II (SprII), defensin, desmocollin 2, desmoplakin, and stratifin, were also downregulated by HPV gene products (Table 1) (26, 30, 37, 42, 58, 64) .
The most pronounced reductions in gene expression were We next wanted to confirm that genes whose expression was reduced by HPV31 by microarray analysis were also reduced when examined by Northern analysis. In addition, it was important to ensure that the changes observed were not specific to the matched set of keratinocytes examined by microarray. Equal amounts of total RNAs from another HPV31-positive cell line (LKP31) as well as RNA from a second NHK donor (designated 406) were isolated and examined by Northern analysis. The results for Northern analysis of seven of the repressed genes are shown in Fig. 2 , and the levels of reduction were consistent with those observed in the microarray analysis. Subsequently, we examined the expression levels of MxA and Stat-1 in three other transfected keratinocyte lines containing episomal HPV31 DNA, as well as two more NHK lines, and obtained similar results (data not shown). In our studies, the repression of interferon-inducible genes was observed in five different HPV31 lines and five different NHK lines with passage number ranging from 4 to 13 (HPV31 cells) and from 2 to 5 (NHKs).
Repression of interferon-inducible genes by HPV31 results in an altered interferon response. One of the major changes in gene expression identified by our microarray analysis was the repression by HPV31 of a large number of interferon-inducible genes compared to NHKs. This repression was observed in the absence of any interferon treatment. We wanted to determine if this basal repression would result in an impaired response of HPV31-positive cells to interferons. This was first examined by treating LKP31 cells and NHKs with IFN-␣ and determining the expression of a representative interferon-inducible gene, MxA, which encodes the interferon-responsive myxovirus resistance gene 1. MxA is primarily induced by IFN-␣ (1), and its basal level of expression was lower in LKP31 cells than in NHKs (Fig. 3A, lanes 1 and 6) . Subconfluent cultures of LKP31 cells and NHKs were treated with IFN-␣ at one of two different concentrations (100 or 500 U/ml), and MxA expression was analyzed by Northern analysis. As seen in Fig. 3A , MxA RNA was induced upon interferon treatment in NHKs as well as in LKP31 cells, but the level of induction was reduced in LKP31 cells, especially with the lower dose of IFN-␣ tested (100 U/ml [ Fig. 3B] ). Upon treatment with higher levels (1,000 U/ml) of IFN-␣, the induction of MxA RNA in LKP31 cells was also reduced, especially at earlier time points (Fig. 3C,  lanes 1, 2, 6 , and 7). However, after the initial delay, the amounts of MxA RNA in LKP31 cells and NHK reached comparable levels at 7 h posttreatment (Fig. 3D) . Among the interferon-inducible genes whose expression was downregulated by HPV31 was Stat-1. Stat-1 is a major regulator of interferon-stimulated transactivation, and the downregulation of other interferon-inducible genes could be the result of reduced Stat-1 expression (7, 20) . In addition, the expression of Stat-1 itself is activated by interferon treatment. We therefore examined Stat-1 protein levels in response to interferon treatment. As seen in Fig. 4A , the levels of Stat-1 protein were significantly reduced in untreated LKP31 cells (lanes 1 and 6) .
Following treatment with IFN-␣ (100 and 500 U/ml), there was an induction in Stat-1 protein but levels remained reduced in LKP31 cells and did not reach levels seen in NHKs (Fig. 4B ). Upon treatment with higher doses of IFN-␣ (1,000 U/ml), the response was still reduced until 20 h posttreatment, when the levels of Stat-1 reached those seen in NHKs (Fig. 4C, lanes 3,  4, 7, and 8; Fig. 4D ). These results suggest that the response to IFN-␣ was reduced in HPV31-positive cells. At higher doses and at longer times of exposure to IFN-␣, the effects were less pronounced.
Stat-1 plays a major role in both IFN-␣/␤ and IFN-␥ pathways. Upon exposure to IFN-␣, Stat-1 is phosphorylated by Tyk2 and Jak1 in the cytoplasm and forms heterodimer with phosphorylated Stat-2. The heterodimer translocates to the nucleus and forms the ISGF-3 (interferon-stimulated gene factor 3) complex with p48, leading to transactivation of IFN-␣/ ␤-responsive genes. When cells are treated with IFN-␥, Stat-1 is phosphorylated by Jak1 and Jak2, forms a homodimer, and translocates to the nucleus to activate gene expression. Since the basal level of Stat-1 is downregulated in HPV31 cells, we next examined if the IFN-␥ response was also altered by HPV31. For this, we examined the induction of Stat-1 protein by IFN-␥. As shown in Fig. 5 , the levels of Stat-1 protein were low in LKP31 cells, and while they increased upon IFN-␥ treatment, they remained significantly below the levels seen in NHKs at earlier time points (Fig. 5A, lanes 1 to 3 and 6 to 8) . However, at 18 and 24 h after IFN-␥ treatment, the amount of Stat-1 protein reached a level comparable to that seen in NHKs (Fig. 5A, lanes 4, 5, 9, and 10; Fig. 5B ). We conclude that in response to IFN-␣ and -␥ stimulation, HPV31 cells exhibit a lag in activation compared to NHKs. Eventually this lag in response could be restored upon a longer exposure to 
DISCUSSION
In this report, we used microarray analysis to examine the effect of HPV31 genome on the transcription of cellular genes. In cells that stably maintain HPV31 episomes, we observed the expression of 178 ESTs to be upregulated and that of 150 to be downregulated at least twofold among the 7,075 verified sequences screened. These cells are believed to mimic infected basal keratinocytes in vivo, as they can induce late functions upon differentiation. In our analysis, no gene was found to be activated by HPV31 gene products more than 3.2-fold, and among these no easily discernible families could be identified. Since the high-risk E7 proteins bind Rb, it was expected that E2F-responsive genes would be substantially increased in expression in HPV31-positive cells. However, none were found to be activated more than twofold. This could be due to the asynchronous nature of the cells examined or other, more complex reasons.
Among the 150 genes that were repressed by HPV31, three groups were identified. The first group included genes involved in regulation of cell growth. The E6 protein of HPV31, like that of HPV16 and -18, increases the turnover rate of p53, resulting in decreased steady-state levels (55) . A major transcriptional target of p53 is the p21 waf1 gene, which is a negative regulator of cyclin-dependent kinases (15) . Consistent with the reduction in p53 levels, the levels of p21 transcripts were found to be reduced by both microarray and Northern analysis. In (2) . Myc has been implicated as an activator of telomerase, and in cells expressing HPV E6 and E7, high levels of telomerase activity have been observed (27, 28, 59, 63) . In our studies, no consistent transcriptional activation of Myc was detected, and downregulation of Mad expression may provide an alternative mechanism by which Myc function can be increased in infections by high-risk HPV types. A third gene found to be repressed by HPV31 is the transgelin gene. Transgelin is able to cross-link actin and remodel cytoskeleton (43) . The expression of transgelin is often increased in senescing cells and is overexpressed in prematurely aging patients with Werner syndrome (53, 56) . Downregulation of transgelin may contribute to loss of contact inhibition and enhanced motility characteristic of HPV-transformed cells (43) . The second class of genes found to be repressed by HPV31 were those which are expressed specifically in keratinocytes. These included genes encoding SprII, a small proline-rich protein found in UV-irradiated keratinocytes (26) , and defensin, which is highly expressed in airway epithelia and has been suggested to possess antimicrobial activity (37, 64) . Another repressed gene encodes stratafin, a member of family of acidic proteins that are enriched in stratifying epithelia (30) . The most interesting of the keratinocyte-specific genes found to be repressed were the desmocollin and desmoplakin genes. It is possible that decreased expression of these factors could lead to less stringent cell-cell junctions that may be advantageous to productive viral life cycle.
The most intriguing set of genes found to be downregulated by HPV31 gene products were the interferon-responsive genes. Among these, Stat-1 is a primary regulator of the interferon response pathway. Stat-1 belongs to a family of proteins which normally remain latent in cytoplasm. Stat-1 is phosphorylated and activated upon interferon stimulation and turns on genes under the control of the ISRE element (7, 20) and the GAS element (7). The Stat-2 gene, also examined on the microarray, showed only marginal reduction in HPV31 cells (Ϫ1.1-fold [data not shown]). The low basal level of Stat-1 in HPV31 cells could be responsible for the low basal level of various interferon-inducible genes and contribute to the impaired response to interferon stimulation.
Additional mechanisms for altering the cellular response to interferon by HPV gene products have been previously reported. The HPV16 E6 protein has been shown to bind to and inhibit the function of the IRF3 protein (46) . The IRF3 protein is an activator of interferon synthesis, and disruption of this activity interferes with the interferon response. In addition, the HPV16 E7 protein has been shown to directly bind to the p48 subunit of the ISGF-3 complex and prevent its nuclear translocation (3). Many viruses target and debilitate the interferon and immune responses during infection. Examples include adenoviruses, herpes simplex viruses (HSV), and hepatitis C viruses (6, 14, 54) , all of which inhibit the activity of the doublestranded RNA-dependent kinase, PKR. In addition, adenovirus E1A binds to p48 and inhibits its nuclear translocation (31, 32) . With respect to immune surveillance, HSV can downregulate antigen presentation by interfering with peptide translocation via the TAP proteins (17) . Thus, it is not surprising that HPV uses multiple mechanisms to interfere with repression of the interferon response. It is interesting that among the 7,075 ESTs examined in this study, the interferon-inducible genes were identified as major targets of HPV action. This underscores the primary importance of suppressing the interferon response during papillomavirus infection.
The repression of the interferon response by HPV31 may contribute to evasion of HPV-infected cells from immune surveillance by the host. Interferon also stimulates expression of class I and II major histocompatibility antigens as well as LMP2 and -7, which are part of the 20S proteasome degradation machinery used to display of antigens on the cell surface. In our HPV-positive cells, we did not detect increased expression of class I or class II genes, suggesting that viral products may impair the activation in response to viral infection (data not shown). It is therefore possible that repression of Stat-1 expression may contribute to the evasion of the immune response during HPV infections. In our studies, the basal levels of Stat-1 were found to be reduced consistent with a repression of transcription initiation. However, it is equally plausible that this reduction is due to increased turnover of Stat-1 mRNA. It will be important to determine which of the HPV gene products are responsible for the repression of Stat-1, the mechanism of action, and whether this property extends to low-risk HPV types.
Previous studies using microarray analysis of a number of ESTs similar to that used in our study demonstrated that infection by human cytomegalovirus (HCMV) altered expression of 248 genes more than 4-fold, with many activated 6-to 15-fold (65) . Interestingly, the expression of most interferonresponsive genes was increased upon HCMV infection. Acute viral infection is known to trigger an interferon response, and it is not surprising that cell lines that stably maintain the HPV genome showed an altered response manifested in this case by suppressed basal levels of interferon-inducible genes. This suppression may contribute to evasion of immune surveillance. In our study, no gene was found to be activated more than 3.2-fold, while 22 genes were repressed between 11-and 3-fold. The less severe effects seen in our studies may reflect differences between acute infection by HCMV and latent infection that is modeled by our stable HPV cell lines. Alternatively, it may be the result of more fundamental differences in the biology of these different viruses. Microarray analysis of genes activated by the platelet-derived growth factor receptor following ligand binding revealed no gene to be activated more than twofold (11) . It is possible that the changes in expression of less than twofold by HPV31 can lead to profound changes in the cellular environment; however, we did not investigate these genes in detail in this study. This study has identified possible pathways by which HPV modifies the cellular environment to facilitate viral replication and evade detection by the immune system.
